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The recently discovered superconductivity in Nd1−xSrxNiO2 provides a new opportunity for
studying strongly correlated unconventional superconductivity. The single-hole Ni+ (3d9) configu-
ration in the parent compound NdNiO2 is similar to that of Cu
2+ in cuprates. We suggest that after
doping, the intra-orbital spin-singlet and inter-orbital spin-triplet double-hole (doublon) configura-
tions of Ni2+ are competing, and we construct a two-band Hubbard model by including both the
3dx2−y2 and 3dxy-orbitals. The effective spin-orbital super-exchange model in the undoped case is a
variant of the SU(4) Kugel-Khomskii model augmented by symmetry breaking terms. Upon doping,
the effective exchange interactions between spin- 1
2
single-holes, spin-1 (triplet) doublons, and singlet
doublons are derived. Possible superconducting pairing symmetries are classified in accordance to
the D4h crystalline symmetry, and their connections to the superexchange interactions are analyzed.
The recent exciting discovery of the nickelate super-
conductivity [1] has aroused a great deal of attention in
the condensed matter community [2–12]. The infinite-
layer nickelate, Nd0.8Sr0.2NiO2, is synthesized on the
SrTiO3 substrate, which exhibits relatively high transi-
tion temperatures (Tc) around 9 − 15 K. The unusual
electronic configuration of Ni+ (3d9) is similar to that
of Cu2+ in high Tc cuprate superconductors. During
the past three decades, the high Tc superconductiv-
ity remains one of the most outstanding problems in
condensed matter physics [13–17]. The parent cuprate
compounds are charge-transfer insulators based on the
Zaanen-Sawatzky-Allen scheme [18] exhibiting the anti-
ferromagnetic (AFM) long-range order. Upon chemical
doping, additional holes go to the oxygen 2p-orbitals, and
are combined with the 3dx2−y2 spins of Cu2+ cations to
form the Zhang-Rice singlets [19]. The d-wave super-
conductivity arises as doping suppresses the AFM long
range order [20–22]. It has been a long-lasting question
if the fascinating physics in high Tc cuprates also exists
in other strongly correlated oxides. Due to its similarity
to cuprates, a great deal of efforts both experimental and
theoretical have been made to investigate the nickelate-
based superconductivity [23–33].
Although the nickelates exhibit a similar configuration
to cuprates, their behaviors are very different. The most
noticeable distinction is that no evidence of magnetic or-
dering is experimentally observed [24, 34]. One possible
reason is the large charge transfer energy, i.e., the en-
ergy difference between a single hole lying on the nickel
and oxygen sites, ∆pd ≈ 9 eV in NdNiO2, which is much
larger than ∆pd ≈ 3 eV in cuprates. The superexchange
energy scale is estimated as J ∼ 1/∆2pd [11], which is
about one order smaller than that in cuprates [35], and
thus the AFM ordering is weakened. Another possibil-
ity is the self-doping effect [4, 9] to the Mott insulating
state, where the forming of Kondo singlets suppresses the
AFM ordering [12]. The lattice constant along the z-axis
in NbNiO2 is only about 3.4 A˚, much smaller than that
in cuprates. This leads to the dispersion along the z-
axis from the Nd 5dz2-orbital [1, 36]. The Nd-originated
electron pockets are found by the LDA+U calculations
in previous works [23, 25, 26] and also in recent works
[3–10]. Based on Ref. [4], the electron pocket volume
from Nd-electrons is estimated smaller than 4% of the
Brillouin zone, and then the self-doping effect should be
weak. Due to the large charge transfer energy in nick-
elates, the extra holes from self-doping also appear on
Ni-sites, hence, we construct a Ni-only model as a start-
ing point.
Due to the large charge transfer energy in NdNiO2,
extra holes by doping are commonly believed to lie on
the Ni-sites forming the double-hole configuration of
Ni2+(3d8). This is in sharp contrast to cuprates in which
the doped holes lie on oxygens. So far most work on the
nickelate superconductivity view the Ni site as orbital-
inactive – only the dx2−y2 orbital is occupied for both
the single-hole configuration of Ni+ (3d9) and the dou-
blon configuration of Ni2+ (3d8) (Here and after, we use
“doublon” for the double-hole configurations of Ni2+ fol-
lowing the convention in literatures.) In other words,
Ni2+ is often assumed to be a spin singlet.
In this article, we examine the orbital property of the
Ni-site and its role in quantum magnetism and supercon-
ductivity in nickelates. Due to Hund’s coupling and the
relatively small inter-orbital repulsion, the triplet dou-
blon of the Ni2+ cation is a competing configuration,
in which both the dx2−y2 and dxy-orbitals are occupied.
Based on the two-band Hubbard model, we study the
effective super-exchange processes among spin- 12 single-
holes, triplet doublons, and singlet doublons. Supercon-
ductivity arises due to the Cooper pairing between dou-
blons, which actually only carry unit charge. Both singlet
and triplet Cooper pairings can take place based on dif-
ferent doublon configurations. We also classify the possi-
ble pairing symmetries based on the crystalline symmetry
of nickelates.
The parent compound NdNiO2 possesses the space
group crystalline symmetry of P4/mmm. The Ni-site is
surrounded by four O2− anions forming a planar square
structure as shown in Fig. 1(a), and the Ni+ cation is in
the 3d9 configuration, i.e., a single hole on the Ni site.
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2The crystal field splitting of the five-fold 3d-orbitals of
Ni can be intuitively analyzed as follows based on the
tetragonal symmetry: Due to the absence of the apical
oxygen anions, the dr2−3z2-orbital extending along the
z-direction has the lowest energy. It is followed by the
doubly degenerate dxz and dyz-orbitals, which also ex-
tend along the z-direction. In contrast, the energies of
the in-plane orbitals are pushed higher by the negatively
charged oxygen anions located in the middle of the Ni-Ni
bonds: The dx2−y2-orbital has the highest energy since it
points to the oxygen anions, followed by the dxy-orbital
which extends along the diagonal direction of the NiO2
plane. The on-site energy difference between two highest
dx2−y2 and dxy-orbitals is estimated as ∆ε ∼ 1.38eV in
Ref. [10]. Hence, without doping, the single hole lies in
the dx2−y2-orbital.
Ni O
Nd
(a) (b) one hole-doped
3𝑑𝑥2−𝑦2
3𝑑𝑥𝑦
𝑈 V + Δ𝜖
FIG. 1. (a) The crystalline structure of NdNiO2. The space
group symmetry is P4/mmm. (b) The competing singlet and
triplet doublon (two-hole) configurations of Ni2+. U and V
are the intra- and inter-orbital interactions defined in Eq. 1.
The hollow arrows represent two spin configurations of holes.
Now consider the doublon configuration when extra
holes are doped. At low and intermediate levels of dop-
ing, only doublons need to be considered, and we neglect
the small possibilities of three- and four-hole configu-
rations. By keeping two highest electron orbitals, i.e.,
two lowest energy orbitals of holes, two competing dou-
blon configurations, i.e., the singlet doublon only occu-
pying the dx2−y2 -orbital, and the triplet doublon occu-
pying both dx2−y2 and dxy-orbitals, are shown in Fig. 1
(b). The standard onsite two-orbital Hubbard interac-
tions plus the onsite single-hole energy term read
Hint(i) = ∆εn2(i) + U
∑
a=1,2
na↑(i)na↓(i) + V n1(i)n2(i)
− J
(
~S1(i) · ~S2(i)− 1
4
n1(i)n2(i)
)
, (1)
where i is the site index; a = 1 and 2 represent the dx2−y2
and dxy-orbitals, respectively; na and ~Sa are the hole-
number and hole spin operators in orbital a, respectively;
U is the intra-orbital interaction strength, J is Hund’s
coupling, and V is the inter-orbital interaction. Due to
the relatively large splitting ∆ε between these two or-
bitals, the pairing hopping interaction is neglected. The
energies of the spin singlet and triplet doublons are U and
V + ∆ε, respectively. Using the estimations in Ref. [4],
U = 3.8eV , V = 1.9eV , J = 0.7eV (U ′ = V +J = 2.6eV
in their convention.), the triplet energy, V +∆, is smaller
than that of the singlet. Nevertheless, accurate estima-
tions on these parameters are very difficult at this early
stage of research. Considering the uncertainty, it is rea-
sonable to assume that their energies are close. The near
degeneracy of the above competing configurations mo-
tivates us to employ the two-orbital model to describe
magnetism and superconductivity in nickelates.
We define the two-band Hubbard model as H = Ht +∑
iHint(i), with the hopping Hamiltonian given below
as
Ht = −
∑
〈ij〉
∑
a=1,2
∑
σ=↑,↓
tacˆ
†
a,σ(i)cˆa,σ(j) + h.c., (2)
where t1,2 are the nearest-neighbor (NN) intra-orbital
hoppings with 1(2) representing the dx2−y2 and dxy-
orbitals, respectively. t1 is expressed as t1 = t1,dd +
(t1,pd)
2/∆pd, where t1,dd is the direct overlap between
dx2−y2 orbitals on neighboring Ni-sites, and the second
term describes the assisted hopping via the oxygen 2p-
orbital. Due to the large charge transfer energy ∆pd in
nickelates, these two contributions are comparable. Simi-
lar analysis can be performed to t2. The NN inter-orbital
hoppings are forbidden due to the different symmetries
of the dx2−y2 and dxy-orbitals. For simplicity, we ne-
glect the difference between these two hopping integrals
by setting t1 = t2 = t0.
D4h ψ(k) M
A1g
cos kx + cos ky, cos kz τ0, τz
sin kx sin ky(cos kx − cos ky) τx
A2g
sin kx sin ky(cos kx − cos ky) τ0, τz
cos kx + cos ky, cos kz τx
B1g
cos kx − cos ky τ0, τz
sin kx sin ky τ1
B2g
sin kx sin ky τ0, τz
cos kx − cos ky τx
Eg (sin kx sin kz, sin ky sin kz) τ0, τx, τz
TABLE I. The form factors of ψ(k) for the even-parity, spin-
singlet and orbital-symmetric gap functions in Eq. 3.
Superconducting gap function symmetries are a cen-
tral problem of unconventional superconductivity. At the
current stage, this problem remains difficult for nickelate
superconductors. Below we classify gap function symme-
tries enriched by the multi-orbital structure to provide
guidance for later research. These symmetries according
to the D4h point group representations [37] are A1g(u),
3A2g(u), B1,g(u), B2,g(u) and Eg(u), where the subscript
1(2) represents the even (odd) parity of the reflection
with respect to the xy or yz-planes; g(u) denotes the
even (odd) parity with respect to inversion; A, B, and
E indicate the discrete orbital angular momenta of 0, 2,
and ±1, respectively. We first consider the gap functions
in the spin-singlet channel. They are represented in the
two-orbital formalism as
∆ˆ(k) = ψ(k)iσyM, (3)
where iσy is the charge conjugation matrix, and M is the
orbital pairing matrix. We use τx,y,z for the Pauli matri-
ces in the orbital channel, where τz = ± 12 refers to the
dx2−y2 and dxy-orbitals, respectively, and τ0 is the iden-
tity matrix. The Fermi statistics imposes the constraint
∆ˆ(k) = −∆ˆT (−k). The gap functions in the spin-singlet
even-parity channels are listed in Tab. I in which τ0,z
refer to the intra-orbital pairing, and τx refers to the
inter-orbital symmetric pairing. Considering the possible
ferromagnetic fluctuations in nickelate superconductors,
we also consider the triplet pairings,
∆ˆ(k) = d(k) · σiσyM, (4)
where d(k) is the so-called d-vector for triplet supercon-
ductors. The odd-parity triplet pairing gap functions are
listed in Tab. II. Due to the orbital-dependence, gap
functions can also be odd-parity spin-singlet and even-
parity spin-triplet, nevertheless, they are unlikely to be
relevant to the nickelate superconductivity based on the
analysis later in this article. The hoppings of the dx2−y2
and dxy-orbitals along the z-direction are small, never-
theless, for completeness, we still keep the kz-dependent
gap functions.
D4h d(k) M
A1u
sin kz zˆ, sin kxyˆ + sin kyxˆ τ0, τz
sin ky yˆ − sin kxxˆ τx
A2u
sin ky yˆ − sin kxxˆ τ0, τz
sin kz zˆ, sin kxyˆ + sin kyxˆ τx
B1u
sin kxyˆ − sin kyxˆ τ0, τz
sin ky yˆ + sin kxxˆ τx
B2u
sin ky yˆ + sin kxxˆ τ0, τz
sin kxyˆ − sin kyxˆ τx
Eu (sin kx, sin ky)zˆ, sin kz(xˆ, yˆ) τ0, τx, τz
TABLE II. The d-vectors for the spin triplet, odd-parity, and
orbital symmetric pairing gap functions in Eq. 4.
Now we consider the strong coupling aspect of the nick-
elate physics. The effective model in the strong interac-
tion limit is constructed below via the 2nd order pertur-
bation theory. The undoped configuration corresponds
to the 1/4-filling of holes in two bands, i.e., a spin-12 hole
on each site. The effective super-exchange model of the
bond 〈ij〉 can be derived as
Hex(ij) = −∆ε
(
τz(i) + τz(j)
)
− JFMP st (ij)P os (ij)
− JAFP ss (ij)(τz(i) +
1
2
)(τz(j) +
1
2
), (5)
where P st = ~S(i)·~S(j)+ 34n(i)n(j) and P ss = −~S(i)·~S(j)+
1
4n(i)n(j) are the projection operators to the bond spin
triplet and singlet sectors, respectively, with n(i) the hole
number on site i; P os = −~τi ·~τj + 14n(i)n(j) is the projec-
tion operator in the orbital singlet channel. The orbital-
flipping super-exchange process is ferromagnetic (FM)
represented by JFM ≈ 4t20/V , while the spin-flipping
super-exchange process is represented by JAF ≈ 4t20/U is
AFM . Due to the onsite energy splitting, only the con-
figuration with both holes in the dx2−y2-orbital is taken
into account in the AFM super-exchange. Eq. 5 is a
variant of the SU(4) Kugel-Khomskii spin-orbital model
augmented by symmetry breakings [38, 39]. Consider
an AFM ordered Ne´el configuration with all holes lying
in the dx2−y2-orbital. Let us flip a hole’s spin and put it
into the dxy-orbital. The exchange energy gain is roughly
∆Eex = 2zt
2
0(
1
V − 1U ) with z = 4 the coordination num-
ber. It is difficult to precisely estimate ∆Eex. It should
be significantly smaller than ∆ε, nevertheless, conceiv-
ably, they are still at the same order. Hence, the AFM
ordering tendency would be significantly reduced, which
is in agreement with the absence of AFM long range or-
der in experiments. Nevertheless, in the undoped case,
hole remains in the dx2−y2-orbital as described by
Hex(ij) = J˜AF
(
~S(i) · ~S(j)− 1
4
ninj
)
, (6)
where J˜AF represents the reduced AFM exchange by or-
bital fluctuations.
(a) (b)
(c) (d)
𝐽𝑡ℎ
𝐽𝑡𝑡 𝐽𝑡𝑠
FIG. 2. Bond configurations with doublons and single-holes.
(a) Two neighboring singlet doublons. (b) A triplet doublon
and a spin- 1
2
single hole. (c) Two neighboring triplet dou-
blons. (d) A triplet doublon and a singlet doublon.
Next we construct the low energy super-exchange
4Hamiltonians after doping, which include both doublons
and single holes, via the 2nd order perturbation theory.
The possibility of a single hole in the dxy-orbital is ne-
glected for the onsite energy splitting. There is no ex-
change interaction between two neighboring singlet dou-
blons (Fig. 2 (a)), and no exchange interaction between
a singlet doublon and a single spin- 12 hole, either. In con-
trast, between a triplet doublon and a neighboring single
spin- 12 hole shown in Fig. 2 (b), the super-exchange in-
teraction is ferrimagnetic,
Hthex(ij) = Jth
(
~Ti · ~Sj − 1
4
ninj
)
, (7)
where ~T is the spin-1 operator of the triplet doublon, and
Jth =
3t2
2 (
1
U−V +
1
U+V+J/2 ). Furthermore, the superex-
change interaction also exists between two neighboring
triplet doublons (Fig. 2 (c)), which is described by the
spin-1 AFM Heisenberg model as
Httex(ij) = Jtt
(
~Ti · ~Tj − 1
4
ninj
)
, (8)
with Jtt =
2t2
U+J/2 . Finally, if we bring a triplet and a
singlet doublons together (Fig. 2 (d)), their exchange
interaction is described by
Htsex(ij) = −Jts
(
d†m(i)d0(i)d
†
0(j)dm(j) + h.c.
)
+ Jts
(
d†m(i)dm(i)d
†
0(j)d0(j) + d
†
0(i)d0(i)d
†
m(j)dm(j)
)
where d†0,±1 are creation operators for doublons and
Jts =
4t2
V+J/2 . In addition to superexchange interactions,
a doublon and a single hole can switch their positions.
For the singlet doublon and a single hole, it is simply a
straightforward hopping process. The switching between
a triplet doublon and a single hole is described by
Htht (ij) = −t′
∑
mσ;m′σ′
{〈
jjz
∣∣∣1m1
2
σ
〉〈
jjz
∣∣∣1m′ 1
2
σ′
〉
× d†m(i)c†1σ(j)c1σ′(i)dm′(j) + h.c.
}
, (9)
where 〈.|.〉 are the ClebschGordan coefficients between
spin-1 and spin-1/2 sectors, and t′ is at the same order
of t0.
Now consider the glue for superconductivity based on
the above superexchange picture. Compared to the un-
doped case, the doublon charge is one instead of two
compared to the background of single holes. Pairing
of two doublons leads to superconductivity. An effec-
tive attraction between two singlet doublons at neigh-
boring sites is at the energy scale of ∆Ess = − 12 J˜AF .
Bringing two neighboring triplet doublons together, the
energy difference compared to when they are apart is
∆Ett = 2Jth − 2Jtt − 12 J˜AF . Finally, bringing a triplet
and a singlet doublons together, the energy difference is
∆Ets = Jth−Jts− 12 J˜AF . When each of the above quan-
tities becomes negative, it means an effective attraction
in the corresponding channel. Both cases of two singlet
doublons and two triplet doublons can form spin singlet
Cooper pairing, and the pairing of a singlet doublon and
a triplet doublon gives rise to a triplet pairing supercon-
ductivity. Due to the relatively large value of Jth, the
pairing strength of triplet doublons is weak if not com-
pletely suppressed.
Next we connect the above doublon pairing picture to
the previous analysis on gap function symmetries. Con-
sider a Ni-Ni bond 〈ij〉. In the absence of doping, we
take the bond singlet state with one hole in the dx2−y2 -
orbital on each site as the background state |Ψ0〉. Fur-
thermore, the state of two singlet doublons (Fig. 2(a))
is denoted as |Ψss〉, and that of two triplet doublons
(Fig. 2(c)) is denoted as |Ψdd〉. These states can be
connected to |Ψ0〉 via the pairing operators χ†,ss(dd)ij =
1√
2
(cˆ†a↑(i)cˆ
†
a↓(j)− cˆ†a↓(i)cˆ†a↑(j)) with a = dx2−y2 for χ†,ssij
and dxy for χ
†,dd
ij , such that 〈Ψss(dd)|χ†,ss(dd)ij |Ψ0〉 6= 0.
Then the orbital pairing matrices for χ
†,ss(dd)
ij correspond
to τ0∓τz, respectively. According to Tab. I, the plausible
pairing symmetries are A1g (s-wave), and B1g (dx2−y2 -
wave), with the form factors cos kx± cos ky, respectively.
As for the triplet pairing between singlet and triplet dou-
blons, the bonding state corresponds to the odd-parity
combinations of the configuration in Fig. 2 (d) and its
parity partner. The corresponding pairing operators are
orbital symmetric and odd-parity: A1u, A2u, B1u, B2u,
Eu. Their d-vector configurations exhibit the p-wave or-
bital symmetries of sin kx and sin ky are shown in Tab.
II.
Energetically, it is more favorable if the gap function
nodes are away from the van Hove singularities of density
of states. Current band structure calculations show large
density of states around (0, pi) and (pi, 0). Hence, the B1g
(dx2−y2) singlet pairing symmetry is probably the domi-
nant one. The singlet A1g and p-wave triplet pairings are
competing pairing symmetries but less favorable. Since
the singlet doublon pairing force is stronger, the dx2−y2 -
orbital pairing is expected to be more dominant than that
in the dxy-orbital.
We note that a similar two-band model based on the
nearly degenerate eg-orbitals of dx2−y2 and dr2−3z2 was
recently developed for CuO2 monolayers [40], as well
as the high Tc cuprate superconductor Ba2CuO3+x [41].
In nickelates the planar B2g-orbital dxy replaces the z-
directional dr2−3z2 orbital in the CuO2 plane whose sym-
metry is reduced to A1g under the tetragonal symmetry.
Due to the different orbital symmetries, the inter-orbital
pairing symmetries are different in these two classes of
systems.
Conclusion–. We suggest that the low-energy physics
in Nd1−xSrxNiO2 is captured by the two-orbital model.
5The second-order perturbation theory is employed to de-
rive the effective Hamiltonians in both cases with and
without dopings. In the absence of doping, it is a variant
of the SU(4) Kugel-Khomskii spin-orbital model subject
to symmetry breaking terms. It shows the competition
between FM and AFM exchanges, thus the magnetic ten-
dency is significantly suppressed. When additional holes
are doped into nickelates, two competing configurations
of Ni2+ appear: the intra-orbital singlet doublon and the
inter-orbital triplet doublon. The superexchange interac-
tions among two types of doublons and single-holes are
derived, and doublon pairings are studied in the superex-
change picture. Possible pairing symmetries are analyzed
based on the D4h point group.
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Note Added–. Near the completion of the manuscript,
we became aware of the references arXiv:1909.12865 [42]
and arXiv:1910.00473 [43], in which the triplet doublons
of the Ni2+ cations are also proposed.
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